Alternative host insects for simple stromata production of Cordyceps militaris were investigated to derive ascospores for infection tests. The stroma production of this fungus was examined by injecting a suspension of its hyphal bodies into three species of lepidopteran pupae (Mamestra brassicae, Spodoptera litura, Bombyx mori) and a species of coleopteran pupae (Tenebrio molitor). C. militaris killed the pupae of all four insects and produced mature stromata from them at between 20 and 500 lx, and at 20 and 25°C, showing a shorter maturation period at 25°C. Ascospores derived in this study germinated. Use of lepidopteran pupae is thought to be suitable for deriving ascospores because of nearly synchronous maturation of stromata compared to those of T. molitor. These findings suggest that artificial injection increases the range of insects that C. militaris can use to produce stromata.
INTRODUCTION
Cordyceps militaris is an entomopathogenic fungus that produces clavate stromata from lepidopteran pupae after killing the hosts. In the northern part of Japan, outbreaks of beech caterpillar (Syntipistis punctatella) (Notodontidae) occur about every 10 years, and epizootics of this fungus occur in the overwintered population of that insect (Igarashi, 1982; Yanbe and Igarashi, 1983; Liebhold et al., 1996) . Since more than 90% of the pupae of the outbreak generation were heavily infected with C. militaris, this fungus has been considered to be an important natural enemy of that insect (Igarashi, 1982; Yanbe and Igarashi, 1983) . Sato et al. (1997) pointed out that the infection of the larvae of this insect on branches initiates by ascospores released from the stromata. Kamata et al. (1997) reported that the period of ascospore release and the period of pupation of the insect are synchronized. Therefore, ascospore is thought to be an important stage for initial infection. Ogawa et al. (1984) reported infection by ascospores of C. militaris against larvae and pupae of S. punctatella. However, the virulence of the fungus to this insect has not been studied. To study the virulence of ascospores against host stages and the virulence caused by spore dose, mass ascospore production from a single strain is necessary; therefore we studied artificial production of the stromata of C. militaris.
Stroma formation of C. militaris on culture media has been reported (Basith and Madelin, 1968) . Generally, as the virulence of pathogenic fungal isolates tends to change by culturing on media (Udagawa et al., 1978) , proliferation in the original host is thought to be a better method. However, no artificial diet for S. punctatella has been established. Moreover, because of the univoltinism of S. punctatella, ascospores must be produced before the appearance of S. punctatella. Therefore, a stromata formation method using an alternative host insect is need.
Stromata formation using Mamestra brassicae pupae by percutaneous infection using ascospores has been reported (Harada et al., 1995) . Harada et al. (1995) pointed out that their method required a longer period to derive the next ascospores for infection, and that the possibility of inocula being produced in a shorter period (cf. conidia and hyphae) should be tested.
We chose hyphal bodies for inocula. Hyphal bodies, a special vegetative stage of cells in entomopathogenic fungi (Tanada and Kaya, 1993) , pro-liferate in the body cavity of insects; they also proliferate into liquid culture media in a short period (Shimazu et al., 1995) . We considered injecting hyphal bodies into host insects. Harada et al. (1995) tried to inject an ascospore suspension into M. brassicae pupae. They injected 100 ml of ascospore suspension liquid into the pupae, but stromata were not produced. By confirming experiments using M. brassicae pupae, we considered that they injected an excess volume. Thus, we conducted a micro volume and high-dose injection.
In this study, micro volume injections to species of lepidopteran and coleopteran pupae were conducted, and the conditions to achieve stromata formation were studied including larger pupae that could be injected with 100 ml of liquid. Ascospores released from the produced stromata germinated. We report the findings here in.
MATERIALS AND METHODS

Host insects. Larvae of Mamestra brassicae
were reared under a 10L:14D photoperiod at 25°C with an artificial diet (Insecta LF (C) Nihon Nosan Kogyo K.K.). Five-day-and 7-d-old pupae were used. Spodoptera litura larvae were reared under 16L:8D at 25°C on the same diet. One-day-, 2-dand 5-d-old S. litura pupae were used. Pupae of the silk worm, Bombyx mori, were supplied by Dr. M. Nakamura (National Institute of Sericultural and Entomological Science). They were reared with an artificial diet (Silkmate (C) Nihon Nosan Kogyo K.K.) under 12L:12D at 25°C. Two-day-and 3-dold mixed pupae were used. Tenebrio molitor (Coleoptera: Tenebrionidae) larvae were reared under 16L:8D at 25°C with bran, and then pupae of T. molitor were kept at 7°C.
Fungal strain and culturing. C. militaris (F1176-21) used in this study was isolated from the air in Mt. Iwakisan, Aomori in July 1995, where an epizootic caused by C. militaris on S. punctatella was prevalent.
Two hundred milliliters of a Sabouraud sucrose liquid medium with yeast extract (10 g peptone, 20 g sucrose, 10 g yeast extract, and 1,000 ml distilled water) was poured into 500 ml flasks and autoclaved, after which the flasks were inoculated with the mycelial disks of C. militaris growing on Sabouraud dextrose agar medium with yeast extract (SDY). This strain of C. militaris was shake-cultured under 24D at 25°C for 3 to 7 d.
Preparation of the inocula and injection methods. The cultured media of C. militaris were filtered through sterilized tissue paper or gauze to remove the entangled hyphae. The liquid filtrate contained numerous hyphal bodies (ordinarily 10 7 order of cells/ml) of C. militaris or the liquid diluted with sterilized distilled water to a suitable concentration was injected to the host insects. The diluted inocula were used for injection into B. mori and for estimating the lethal dose 50 values (LD 50 ). The number of hyphal bodies was counted using Thoma's hematocytometers.
Five microliters of the hyphal body suspension was injected into the haemocoel of each pupa of the following three species: M. brassicae (7-d-old, 2.1ϫ10 7 cells/ml), S. litura (1-d-, 2-d-, and 5-d-old, 10 7 order of cells/ml), and T. molitor (1.7ϫ10 7 cells/ml). The injection was conducted using a Drummond micro dispenser (The Drummond Scientific Co.) with a sharp glass capillary in the fold between the second and third tergites of the insects. The capillary was sometimes inconvenient for handling because it tended to break when penetrating the cuticle. Therefore, a larger injection volume to a larger host insect, B. mori, was also tested by using an injection cylinder (1 ml) for medical use. A preliminary test showed that pupae of B. mori could be injected with over 100 ml of injection liquid. A volume of 100 ml is suitable for injecting ten pupae per handling by the cylinder. One hundred microliters of a hyphal body suspension (2.0ϫ10 7 cells/ml) was injected into each pupal haemocoel of B. mori (2-d-and 3-d-old mixed) in the thorax, using a 1 ml injection cylinder (Terumo Co.) with a 25-gauge needle.
To estimate the lethal dose 50 values (LD 50 ), hyphal body concentrations of C. militaris were adjusted to 10 3 cells/ml to 10 9 cells/ml. Five microliters of each suspension was injected into each pupa of the first three species using the micro above dispenser (5-d-old M. brassicae, 1-d-old S. litura and T. molitor) and 100 ml volume of each suspension was injected into B. mori (2-d-and 3-dold mixed) using the above cylinder. LD 50 s were calculated by means of a probit analysis. After the injection, these four species of pupae were kept at 25°C on tissue paper in plastic cups 13 cm in diameter until their bodies became hard by fungal proliferation after death. Dead pupae were buried in wet Sphagnum moss sold as a gardening material (30 g moss with 400 ml tap water) in transparent plastic containers. The moss in each container was supplied with water from time to time to prevent excessive drying. The containers with the pupae of both S. litura and B. mori were kept under 16L:8D at 25°C, and the containers for the other two species of insects were kept under 14L:10D at 25, 20, and 15°C.
Seven conditions of light intensity at 20, 50, 100, 200, 500, 1,000 and 1,400 lx were tested to derive the range of stroma production. No stromata appeared at 0 lx in a preliminary test. One-day-old pupae of S. litura were injected with 5 ml of the hyphal body suspension (6.9ϫ10 7 cells/ml) of C. militaris with the micro dispenser. The pupae killed by the fungus were put on wet filter paper in transparent plastic containers. Each container was placed in a 25°C chamber at different distances from a fluorescent tube lamp (18W) under 16L:8D to receive one of the above light intensities.
Injected pupae were observed daily until their death, and the dead pupae in a moistened condition were observed every 7-10 d. Stromata over 3 mm were recorded and stromata with protruding perithecia were identified as mature. The length of the longest stroma was measured when two or more stromata were produced from a pupa. Release of ascospores was observed under a dissection microscope. Isolation of ascospores was conducted 47, 66 and 58 d after injection from the stromata on M. brassicae, B. mori and T. molitor, respectively. Each stroma releasing ascospores was held 1 cm above a 9 cm SDY agar plate petri dish in a plastic container moistened with wet tissue paper, and kept overnight at 25°C. Germination of ascospores was observed on next day by light microscope. Four pupae of B. mori producing 13 stromata in total were freeze-dried. Then, the stromata were cut from the insects and weighed.
Kruskal-Wallis test was used to analyze the differences in days from the injection to formation of both young and mature stromata among three different ages of S. litura pupae.
Record of field temperature and light intensity. During the stromata formation season of C. militaris, from August 2 to September 13, 1996, the temperature of both the air and ground were recorded in a beech forest in Appi, Iwate, where an epizootic of C. militaris had been recorded. Ther-mometers were set ca. 3 cm under the litter layer and ca. 5 cm above the upper surface of the litter. Each temperature was recorded automatically by a data logger TR-72 (T & D Corporation). Light intensity was recorded from August 7 to 9, 2001 in the same forest that the temperature had been recorded in 1996. A quadrate (15 mϫ30 m) was set up to include the point that the data logger had been placed in 1996. Seven stromata of C. militaris were found in the area. The distance between stromata ranged from 2.3 to 28.0 m. Light intensity was recorded hourly from 11:00 to 17:00 h, by placing an ANA-F9 Lux Meter (Tokyo Photo-Electric Co. Ltd.) apparatus adjacent to each stroma.
RESULTS
Mamestra brassicae
Seven-day-old pupae were used for stromata formation. After injection, pupae of M. brassicae died within 2 or 3 d and became hard within 8 d. The pupae kept at 25°C showed rapid growth and a higher rate of mature stromata production than those at 20°C, though all pupae at both 20 and 25°C produced stromata (Fig. 1) . While stromata were produced within 30 d both at 20 and 25°C, pupae kept at 25°C showed about three times the production of those at 20°C. No stromata were produced at 15°C. At 25°C, stromata were formed from all pupae tested (Nϭ30) from 21 to 42 d (meanϮSDϭ28.7Ϯ3.8 d), and matured from 34 to 55 d (35.2Ϯ4.1 d, Nϭ29). The rate of matured stromata was 96.7%. At 39 d after the injection, all matured stromata (from 28 pupae) were observed to release ascospores. The length of stromata ranged from 11 to 28 mm (meanϮSDϭ16.6Ϯ3.4 mm, Nϭ 29). At 20°C, stromata were also produced from all pupae tested (Nϭ30) from 27 to 55 d (34.5Ϯ6.3 d) after injection, matured from 42 to 64 d (56.2Ϯ 5.7 d, Nϭ20) and the final maturation rate was 66.7%. The length of stromata ranged from 13 to 35 mm (25. 8Ϯ5.9 d, Nϭ20) . The most drastic difference between these incubation temperatures was the period for maturation. At 25°C, mature stromata were produced on average in a period that was 3 weeks shorter than the period required for maturation at 20°C. Mature stromata were yellowish orange to orange in color and cylindrical to clavate. The LD 50 for 5-d-old pupae of M. brassicae at 2 d after injection was 1.7ϫ10 6 cells/ml (5 ml injection).
Spodoptera litura
Influence of light intensity. Stromata were produced in greater than 65% of S. litura between 20 and 1,000 lx, and matured between 20 and 500 lx in 42 d after injection (Table 1 ). The first stroma matured within 32 d at 50 lx. No stroma was produced at 1,400 lx. Stromata produced in this experiment were generally thin and short (maximum 11 mm in length).
Injection of different pupal ages. All pupae died and became hard within 5 d in all age classes. One-day-old pupae: Stroma formation occurred from 28 to 40 d after injection (33. 7Ϯ5.4 d, Nϭ6) , and matured from 40 to 47 d (42.3Ϯ3.6 d, Nϭ6) (Fig. 2) . Stromata at 47 d were ready to release ascospores by opening the top of the perithecia. Twoday-old pupae: Stroma formation also occurred from 28 to 40 d (29.7Ϯ4.5 d, Nϭ7) after injection (Fig. 2) . All matured at 47 d and ascospores released from perithecia were observed on that day. Five-day-old pupae: Stroma were formed from 33 to 47 d (36.7Ϯ4.5 d, Nϭ15), and matured from 40 to 55 d (48.1Ϯ4.0 d, Nϭ15) (Fig. 2) . Release of ascospores was observed 47 and 61 d after the injection. The maximal length of stromata was 45 mm for each pupal age. There were significant differences in days for producing young stromata ( pϽ0.01) and also for maturation of stromata ( pϽ0.01) among the pupal ages. Five-day-old pupae tended to require longer periods to produce young stromata and mature than did the other two pupal ages. The LD 50 for 1-d-old pupae of S. litura at 2 d after injection was 5.2ϫ10 7 cells/ml (5 ml injection).
Bombyx mori
Large volume injection. Two-day-and 3-d-old mixed pupae of B. mori were used for this experiment. The pupae died within 4 d and became hard within 6 d of 100 ml injection. Stromata were formed from over 76% of pupae treated (Figs. 3  and 4 ). In replication 1, stromata were observed from all pupae (Nϭ17) 47 d after injection. Maturation of stromata was recorded from 58 to 69 d on 12 pupae (65.3Ϯ5.4 d, Nϭ12) after injection and the final maturation rate was 70.6%. Release of ascospores was observed 66 d after injection. The length of stromata ranged from 15 to 45 mm (31.1Ϯ8.4 mm, Nϭ12). One to four mature stroma(ta) were produced from a pupa. Nineteen mature stromata were produced from the 12 pupae: one stroma from each of nine pupae, two stromata from one pupa and four stromata from each of two pupae. In the second replication, stromata were formed up to 76.5% of pupae from 30 to 47 d after injection, and matured from 47 to 58 d (51.0Ϯ 5.5 d, Nϭ11). Finally, 64.7% of stromata matured. Perithecia on 58 d after injection were ready to release ascospores. The length of stromata ranged from 10 to 40 mm (24.8Ϯ9.1 mm, Nϭ11). One to six stromata were produced from a pupa and 24 stromata were derived from 11 pupae. The total weight of 13 stromata from four pupae (21.6Ϯ 5.8 mm, in length after drying) by freeze-drying was 0.1 g. Stromata produced in this experiment were yellowish to pale orange in color, cylindrical to clavate in shape. LD 50 for 2-d-and 3-d-old mixed pupae of B. mori at 4 d after injection was 2.5ϫ10 5 cells/ml (100 ml injection).
Tenebrio molitor
Coleopteran alternative host. Pupae died within 4 d and hardened in 6 d. Injected pupae kept at 25°C showed rapid growth and a higher rate of stroma production than at 20°C (Fig. 5) . At 25°C, 82.2% of the insects produced stromata from 19 to 60 d (43. 0Ϯ9.7 d, Nϭ37) . Stromata matured in up to 62.2% of the insects from 29 to 69 d (56.1Ϯ10.32 d, Nϭ28) after injection. A stroma that had finished releasing ascospores was observed at 47 d, and a new ascospore-releasing stroma was observed at 58 d after the injection. Lengths of stromata ranged from 7 to 36 mm (19. 4Ϯ8.3 mm, Nϭ28) . At 20°C, 42.2% of the insects produced stromata from 26 to 69 d (41. 8Ϯ12.7 d, Nϭ19 ). Maturation of stromata was observed from 40 to 69 d (57.2Ϯ11.5 d, Nϭ13) after injection. The final maturation rate after 10 Alternative Hosts of Cordyceps militaris 89 weeks of culture was 28.9%, about half that achieved under 25°C. The length of stromata ranged from 10 to 42 mm (25.2Ϯ9.3 mm, Nϭ13). Traces of ascospore release were observed at 47 d. Mature stromata produced in this experiment were yellowish to pale orange in color and clavate in shape (Fig. 6 ). Only one stroma reached 3 mm in length at 15°C, though a few minor stromata appeared from the insects. The LD 50 for pupae of T. molitor at 4 d after injection was 3.3ϫ10 5 cells/ml (5 ml injection).
Observation of germination
All discharged ascospores from stromata were filamentous and accumulated on SDY plates showing a cottony appearance upon becoming entangled with each other when the spores were heavily accumulated. Each ascospore had many septa and tended to separate into short secondary spores at each septum. Both intact ascospores and secondary spores germinated on SDY plates within 24 h after being discharged.
Temperature and light intensity in the field
Temperatures at 3 cm under the litter and 5 cm above the litter were 14.0-18.0°C (meanϭ16.1°C), and 11.5-23.2°C (meanϭ17.1°C), respectively, through at the recording period. Average light intensity through the 3 d measured was 555.2 lx, and the maximum was 5,355 lx as a momentary spotlight.
DISCUSSION
C. militaris killed the three lepidopteran and one coleopteran insect species tested, and produced stromata from the cadavers. This fungus is thought to have broken down the host's defense reaction in not only Lepidoptera but also Coleoptera when the fungus was introduced into the haemocoel over critical doses. Mature stromata were derived from all species examined. According to Kobayasi (1941) , wild stromata of C. militaris were orange in color, cylindrical or clavate in shape and ranged from 13 to 65 mm in length. Our results agree with these characters, indicating that the stromata produced in the laboratory are almost the same as wild stromata. Separation of each ascospore into a secondary spore in C. militaris (Kobayasi, 1941) was also observed for the ascospores derived in this study. Moreover, ascospores from the stromata produced germinated even from the coleopteran host. These findings suggest that the insect species tested in this study had sufficient nutrients to produce stromata, and that the fungus could use the nutrients to produce stromata even from non-primary host species. We consider that stromata of this species can be artificially produced on a wider taxa of insects and that ascospores derived in this study can be used in infection tests.
By the injection of hyphal bodies, stromata were produced in over 76% of the hosts and matured in over 64%, except for the species T. molitor at 20°C. The best result achieved was in the case of M. brassicae pupae at 25°C, followed by S. litura, B. mori, and T. molitor. Although direct compari- son is thought to be difficult because of the different experimental conditions, differences could be identified between the results obtained for Lepidoptera and Coleoptera. Three differences were observed between the results for Lepidoptera, especially M. brassicae and S. litura, and those from T. molitor. First, higher rates (over 90%) of stromata formation were recorded from those lepidopteran pupae at 25°C. Second, faster formation and maturation of stromata: In the case of M. brassicae, stromata matured about 20 d earlier than they did in T. molitor. Third, stromata from lepidopteran pupae tended to mature almost synchronously in a short period compared to those from pupae of T. molitor. In the case of B. mori pupae, the number of days required for stroma maturation was almost the same as in the case of T. molitor. However, the standard deviations in the case of B. mori were smaller than those of T. molitor. These three features appear to indicate that Lepidoptera is a primary host of C. militaris. Among these three characters, the most important is the synchronous ascospore production. For our purposes, synchronous maturation of stroma is necessary to collect many spores for infection experiments. In the case of M. brassicae, stromata from 28 injected pupae were observed to release ascospores on the same day. And all 2-d-old pupae of S. litura produced mature stromata at 47 d after injection. Though we did not count the number of released ascospores in this study, a sufficient number of ascospores could be derived using lepidopteran pupae as host insects. Therefore, hyphal body injection to pupae of M. brassicae or S. litura is a suitable method for obtaining many ascospores in a short period. The results from B. mori pupae showed slower stroma maturation, though it is preferable to avoid the use of special equipment. Significant difference in the number of days required for production and maturation of stromata was recognized by using pupae of different ages in S. litura. Injection tests to different age pupae of B. mori could be conducted to derive mature stromata in a short period. Stroma maturation from T. molitor was not as fast as that from the lepidopteran pupae tested. However, the significance is that stromata with active ascospores were produced from Coleoptera. This result has indications for a host specificity study of this fungus.
In an early study, Shanor (1936) derived stromata of C. militaris by forcible introduction of cul-tured hyphae into the haemocoel of lepidopteran pupae with a needle. Besides hyphae, hyphal body is another one of the vegetative stages of C. militaris in the host's body cavity (De Bary, 1867). Most insect pathogenic fungi have this stage of a cell that is yeast-like in morphology, and that proliferates by budding into the haemocoel of host insects (Tanada and Kaya, 1993) . Not only in the haemocoel but also in liquid culture, C. militaris grows as hyphal bodies. Hyphal bodies in liquid culture are more suitable for injection than hyphae.
In a previous study (Harada et al., 1995) , mature stromata first appeared after a longer period following inoculation than in the present study due to the dipping of pupae in an ascospore suspension of C. militaris. It took 30 d after the death of M. brassicae for the hyphae to appear, and about 80 d after dipping for mature stromata to appear (Harada et al., 1995) . In the dipping method, the ascospores require the following stages for infection: germination, penetration to the cuticle and production of hyphal bodies in the haemocoel. Since injection of hyphal bodies skips these three development stages, and high doses of hyphal bodies can be introduced, this may induce the early death of the insects. This enables stromata to be produced on insects having a short pupal period.
Mature stromata of C. militaris were produced at 20 and 25°C in both M. brassicae and T. molitor, and a higher rate of mature stroma production was recorded at 25°C in both insects. This suggests that temperature could affect the production of stromata of this C. militaris strain equally, regardless of the host taxa. The temperature recorded in the field during the season of stroma appearance agreed with the suitable temperature for stromata production of this strain. Stromata production of C. militaris has been recorded at 20 and 25°C (Harada et al., 1995) , 18°C (Ogawa et al., 1984) . Basith and Madelin (1968) reported that 18-22°C was suitable for stroma production, and they also recorded stromata initiation at 23°C. It is thought that a temperature around 20°C is suitable for mature stroma production, although the optimum condition may depend on the strain. For example, the strain used by Harada et al. (1995) showed a higher rate of stroma production at 20°C than at 25°C. Stroma production would be initiated at temperatures over 15°C because immature stromata were produced at 15°C, and the mean temperature under the litter recorded during the season of C. militaris was 16.1°C in this study. Differences in the optimal conditions could also indicate an effect of light intensity. According to Basith and Madelin (1968) , more than 32.3 lx is necessary for stomata to be initiated, and a range from 968.8 to 1,614.6 lx is necessary for the production of mature stromata on culture media, though on one occasion rudimentary perithecial initials were formed at 86.1 lx. Our strain produced stromata between 20 and 1,000 lx, did not produce stromata at 1,400 lx, and matured at even 20 lx. Our strain is able to produce mature stromata under weaker light intensity than the strain of Basith and Madelin (1968) . Light intensity conditions in the field appear to support this feature of the fungus.
In this study, four insect species, including Coleoptera, were recorded as alternative hosts of C. militaris for stroma production. In particular, microinjection of hyphal bodies to pupae of M. brassicae showed the best results. The insects examined in the present study can be reared artificially, so that we can derive active ascospores throughout the year. The hyphal body injection method at 25°C is thought to be a suitable tool for deriving ascospores in a shorter period than by dipping.
